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SUMMARY  PAGE 


THE  PROBLEM 

To  evaluate  potential  metabolic  and  hematologic  responses  of 
animals  subjected  to  chronic  air  saturation  in  air  at  a  simulated 
pressure  equivalent  to  50  feet  of  sea  water  (FSW),  2 .5  atmospheres 
absolute  (ATA). 

FINDINGS 

Chronic  exposure  to  this  compressed  air  environment  pro¬ 
duced  no  alterations  in  selected  metabolic  parameters  during  the 
two  month  saturation.  However,  a  steady  decline  in  redcell  mass 
was  noted  during  the  first  4-6  weeks  of  the  experiment  culminating 
in  a  new  hematologic  steady-state  during  the  rest  of  the  observa¬ 
tion  period. 

APPLICATION 

These  findings  demonstrate  the  feasibility  of  the  concept  of 
long-term  saturation  utilizing  compressed  air  as  a  breathing  mix¬ 
ture.  They  also  serve  as  a  practical  model  for  human  saturation 
diving  protocols. 
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port  No.  781. 

PUBLISHED  BY  THE  NAVAL  SUBMARINE  MEDICAL  RESEARCH  LABORATORY 

ii 


ABSTRACT 


Mature  male  rats  of  the  Sprague-Dawley  strain  were  pressur¬ 
ized  in  air  at  a  simulated  pressure  equivalent  to  50  feet  of  sea 
water,  2.5  ATA,  for  varying  times  up  to  60  days.  The  internal 
environment  was  maintained  at:  O2  =  51%,  CO2  —  .42%  (sea  level 
equivalent),  balance  N2.  No  consistent  alterations  in  lactic  and 
pyruvic  acid  or  adenosine  triphosphate  (ATP)  levels  were  noted  at 
any  time  during  the  two-month  experiment.  Platelet  and  platelet 
aggregate  counts  were  also  unaltered.  Red  cell  mass  exhibited  a 
steady  decline  for  the  first  4-6  weeks  attaining  and  maintaining  a 
new  hematologic  steady-state  for  the  remainder  of  the  saturation 
period.  Dimunition  of  red  cell  mass  is  consistent  with  chronic 
exposure  to  hyperoxia.  Several  hyperfibrinogenemic  episodes 
provided  evidence  of  repeated  stress. 


METABOLIC  AND  HEMATOLOGIC  FACTORS  IN  CHRONIC  AIR  SATURATION 

AT  2.5  ATA 


INTRODUCTION 

The  pioneering  experiments  of 
Chouteau  and  Cousteau5demonstrated 
the  feasibility  of  using  compressed  air 
as  a  breathing  medium  for  shallow  sat¬ 
uration  dives  of  one  to  two  weeks'  dura¬ 
tion.  However,  the  breathing  of  com¬ 
pressed  air  at  depths  is  not  without  its 
disadvantages .  The  risks  of  nitrogen 
narcosis  and  oxygen  toxicity  are  ever 
present.  There  exists  the  possibility 
that  adaptation  to  the  narcotic  effects  of 
nitrogen  may  occur  during  prolonged 
pressurization^ .  Evidence  has  been  ob¬ 
tained  that  laboratory  animals  may  tol¬ 
erate  exposures  to  60%  O2  for  long 
periods  of  time  without  apparent  delet¬ 
erious  effects24. 

An  operational  need  to  define  time- 
depth  limits  of  saturation  utilizing 
pressurized  air  provided  the  stimulus 
for  the  present  work.  Since  little  is 
known  concerning  the  effects  of  a  pro¬ 
longed  sojourn  in  compressed  air,  a 
study  was  undertaken  to  investigate 
some  biochemical  and  hematological 
factors  in  rats  exposed  to  an  environ¬ 
ment  containing  air  at  a  pressure 
equivalent  to  50  feet  of  sea  water  (FSW), 
2.5  atmospheres  absolute  (ATA). 

METHODS  AND  MATERIALS 

It  should  be  pointed  out  that  the  pres¬ 
ent  study  was  part  of  a  larger  multi¬ 
disciplinary  pressure  investigation  with 
experimental  animals  of  several  inves¬ 
tigators  being  pressurized  simultane¬ 
ously  in  the  same  chamber.  A 


comprehensive  report  documenting 
logistical,  environmental  and  mainte¬ 
nance  aspects  has  been  published*6. 

A  standard  U.  S.  Navy  double-lock 
pressure  chamber,  total  volume  500  cu 
ft,  was  utilized  as  the  saturation 
vehicle.  Mature  male  rats  of  the 
Sprague-Dawley  strain  averaging  498  +9 
(S.E.M.)  g  were  saturated  with  com¬ 
pressed  air  at  a  pressure  corresponding 
to  50  FSW  for  varying  periods  up  to  60 
days.  The  average  internal  atmosphere 
was  maintained  at  .42%  CO2  and  51%  O2, 
sea  level  equivalent*6. 

At  the  planned  time,  the  animals 
were  anesthetized  and  sacrificed  at  the 
50  ft.  depth.  The  only  exception  to  this 
protocol  involved  those  animals  exposed 
for  60  days  and  decompressed*6;  this 
group  was  sacrificed  shortly  after 
reaching  the  surface.  Following  an  in- 
traperitoneal  injection  of  sodium 
pentobarbital,  40  mg/kg  body  weight, 
the  abdominal  cavity  was  opened  and 
samples  of  arterial  blood  were  obtained 
from  the  abdominal  aortae  anaerobically 
in  heparinized  glass  syringes .  An 
aliquot  of  blood  was  immediately  pre¬ 
cipitated  with  an  equal  volume  of  .  6M 
ice-cold  perchloric  acid.  All  blood 
samples  were  then  brought  to  the  sur¬ 
face  at  a  rate  of  8  ft/min.  Surface  con¬ 
trol  animals  were  sacrificed  in  the 
same  manner  at  each  time  interval. 

Adenosine  triphosphate  (ATP),  lactic 
acid,  and  pyruvic  acid  analyses  were 
performed  on  the  perchloric  acid  ex¬ 
tracts  utilizing  the  appropriate 
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Calbiochem  Statpacks .  Plasma  fibrino¬ 
gen  estimations  were  made  according  to 
a  modification  of  the  procedure  of  Rice 
and  Meusse20.  Hemoglobin  concentra¬ 
tions  were  measured  with  the  Diagno test* 
hemoglobin  reagent  kit  while  hematocrit 
was  determined  by  using  a  micro - 
method™.  Platelets and  platelat  ag¬ 
gregates  25  were  counted  according  to 
standard  hematological  methods. 

RESULTS 

The  responses  of  lactate,  pyruvate, 
lactate/pyruvate  ratio,  and  ATP  in  the 
blood  of  rats  subjected  to  chronic  air 
saturation  at  50  FSW  are  summarized  in 
Table  1.  The  data  indicate  that  pro¬ 
longed  exposure  to  pressurized  air  had 
no  consistent  effects  on  any  of  the  meta¬ 
bolic  indices  measured. 

Figure  1  portrays  graphically  the 
effects  of  chronic  hyperbaric  saturation 
on  hematological  parameters.  Hema¬ 
tocrit  values  started  to  decline  after  one 
week  of  pressurization,  reached  statis¬ 
tical  significance  and  an  ultimate  low 
level  by  the  fourth  week  and  maintained 
this  level  for  the  duration  of  the  experi¬ 
ment.  Hemoglobin  concentration  essen¬ 
tially  followed  the  same  pattern  as  that 
of  the  hematocrit  except  that  statistical 
significance  occurred  by  the  second 
week. 

Prolonged  saturation  with  com¬ 
pressed  air  also  elicited  a  trimodal 
response  in  plasma  fibrinogen  levels. 
Significant  increases  were  observed  by 
the  end  of  the  first  week,  again  on  the 
third  week  and  finally  near  the  end  of  the 
experiment.  Circulating  platelets  as 
well  as  the  number  of  platelet  aggre- 
*Dou)  Chemical  Co. 


gates  were  unaffected  by  chronic  air 
saturation  at  2.5  atmospheres  absolute 
(ATA)  .These  results  are  shown  in  Table  2. 

DISCUSSION 

Metabolic  Factors 

Lactic  acid  is  not  a  true  intermediate 
product,  but  rather  represents  a  tem¬ 
porary  end  product  of  metabolism.  The 
arterial  concentration  of  lactate  is  in¬ 
fluenced  by  its  rate  of  influx  and  removal 
as  well  as  by  the  significant  glycolysis 
of  the  erythrocytes.  In  contrast, 
pyruvic  acid  enters  into  many  biochem¬ 
ical  pathways  in  addition  to  the  produc¬ 
tion  of  lactic  acid.  Despite  such  com¬ 
plicating  factors ,  the  lactate-pyruvate 
ratio  has  been  shown  to  be  a  sensitive 
indicator  of  the  functional  state  of  cel¬ 
lular  metabolism  through  its  relation¬ 
ship  to  the  redox  state  of  the  free  gly¬ 
colytic  NAD+  -  NADH  couplet™’22. 

Higher  than  normal  concentrations  of 
blood  lactate  in  dogs  following  breathing 
of  hyperbaric  oxygen  were  reported  as 
early  as  1932  by  Bean  and  Haldi2.  In 
our  experiments ,  however ,  lactate  and 
pyruvate  levels  as  well  as  the  lactate- 
pyruvate  ratio  were  unaffected  by 
chronic  exposure  to  the  compressed  air 
environment  of  the  present  study.  The 
results  from  these  two  series  of  exper¬ 
iments  apparently  differ  because  the 
threshold  level  of  p02  for  demonstrable 
effects  on  glycolysis  was  not  reached  in 
our  study. 

21 

Timms  and  Mengel  reported  in¬ 
creases  in  the  level  of  the  high-energy 
phosphate,  ATP,  in  the  blood  of  mice 
acutely  exposed  to  60  psia  of  oxygen. 
Substitution  of  room  air  with  the  same 
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Table  1.  Blood  Metabolic  Responses  to  Chronic  Air  Saturation  at  a  Pressure  Equivalent  to  50  FSW 


DAYS  OF  SATURATION+ 

60  DAYS  (with 

CONTROL 

1  DAY 

1  WEEK 

2  WEEKS 

3  WEEKS 

4  WEEKS 

6  WEEKS 

Decompression) 

Lactic  Acid 

X 

20.3 

21.1 

19.7 

22.1 

23.1 

26.5 

24.7 

21.5 

mg % 

S.E.M 

1.1 

3.8 

2.6 

2.3 

4.9 

5.4 

5.9 

1.9 

n 

8 

8 

8 

6 

6 

6 

6 

3 

Pyruvic 

X 

.48 

.67 

.44 

.52 

.72 

.71 

.49 

.74 

Acid 

S.E.M. 

.06 

.10 

.03 

.06 

.10 

.17 

.05 

.08 

mg% 

n 

8 

8 

8 

6 

6 

6 

6 

3 

Lactate/ 

If 

45.4 

30.9* 

32.1 

44.7 

44.3 

31.7 

49.6 

29.2 

Pyruvate 

S.E.M 

4.7 

2.3 

3.7 

3.8 

4.6 

2.7 

8.1 

1.7 

Ratio 

n 

8 

8 

8 

6 

6 

6 

6 

3 

ATP 

3f 

14.0 

14.6 

14.6 

10.6* 

13.1 

15.9 

14.1 

17.4 

mg% 

S.  E.M. 

.8 

1.6 

1.2 

1.7 

1.5 

1.6 

.6 

2.0 

n 

1  8 

8 

8 

6 

6 

6 

6 

3 

+  Denotes  time  animals  spent  at  2. 5  ATA  with  the  exception  of  the  last  group  which  were 
exposed  for  60  days  and  then  decompressed. 16  (See  text). 

*  Statistically  significant 


Table  2.  Hemostatic  Factors  in  Chronic  Air  Saturation  at  2. 5  ATA 
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hematocrit  values  were  seen  during  ex-  also  been  shown  that  adrenalin  and 
periment.  However,  preliminary  ob-  stress,  as  well  as  non-specific  tissue 

somraHnnc  rm  mino  ovnna^rl  tn  A  ATA  of  HflmflCfA*  CJinahlp  rtf  plpvflt.ino* 


(  )  •  NUMBER  of  ANIMALS 
©  STATISTICAL  SIGNIFICANT 


plasma  fibrinogen  levels  .  The  fluctua¬ 
tions  in  fibrinogen  levels  noted  during 
the  2-month  saturation  in  these  studies 
may  very  well  represent  responses  to 
stress  factors. 

Thrombocytopenic  episodes  following 
various  compression-decompression 
regimens  are  well  documented  and  have 
recently  been  reviewed^.  Associated 
platelet  clumping  usually  accompanies 
the  decline  in  circulating  platelet  popu¬ 
lation^.  Moreover  Jastrzebski  and  as- 

7  ? 

sociates,  showed  that  increased  par¬ 
tial  pressures  of  oxygen  result  in  a  de¬ 
creased  tendency  for  platelet  adhesive¬ 
ness.  This  diminished  adhesiveness 
may  be  demonstrated  after  5-10  min¬ 
utes  of  normobaric  hyperoxia.  It  is 
generally  agreed  that,  in  flowing. blood, 
thrombosis  is  largely  dependent  on 
platelet  aggregation,  and  platelet  ad¬ 
hesion  is  the  first  directly  observable 
step  in  the  reaction  sequence  leading  to 
thrombus  formation^.  The  lack  of 
change  in  both  circulating  platelet  popu¬ 
lation  and  platelet  clumping  in  our 
experiment  would  indicate  that  hemo¬ 
stasis  is  little  affected  by  chronic  air 
saturation  at  this  depth. 

These  findings  demonstrate  the 
practicality  of  utilizing  compressed  air 
at  2.5  ATA  for  long-term  saturation 
ventures.  It  may  be  postulated  that 
human  exposure  to  this  atmosphere 
would  result  in  little  or  no  change  in 
glycolytic  or  energy-producing  metabo¬ 
lism  or  hemostasis,  but  presumably  it 
would  profoundly  affect  the  erythropoietic 
system,  through  its  response  to  in¬ 
creased  partial  pressures  of  oxygen. 
Very  recently,  a  chronic  saturation  dive 
involving  two  subjects  was  completed  by 
NavSubMedRschLab.  After  2. 5  ATA 


exposure  in  compressed  air  for  30  days, 
the  divers  were  still  in  a  healthy  state 

REFERENCES 

1.  Adams,  G.  M.  Shallow  saturation 
dive  using  compressed  air.  U.S.N. 
Med.  63:  4-6,  1974. 

2.  Bean,  J.  W.  and  J.  Haldi.  Altera¬ 
tions  in  blood  lactic  acid  as  a  result 
of  exposure  to  high  oxygen  pressure. 
Am.  J.  Physiol.  102:  439-447 , 
1932. 

3.  Beckman,  E.  L.  and  E.  M.  Smith. 
Tektite  II.  Medical  supervision  of 
the  scientists  in  the  sea.  Tex. 

Rep.  Biol.  Med.  30:  191-201, 

1972. 

4.  Cambell,  J.  A.  Further  observa¬ 
tions  on  oxygen  acclimatization. 

J.  Physiol.  63:  325-342,  1927. 

5.  Chouteau,  J.  Saturation  Diving: 

The  Conshelf  experiments.  In  The 
Physiology  and  Medicine  of  Diving. 
Editors:  Bennett,  P.  B.  and  D.  H. 
Elliott.  Baltimore:  Williams  and  . 
Wilkins,  Co.,  pp.  491-504,  1969. 

6.  Cotton,  R.  C.  and  J.  L.  Craven. 
Post-operative  changes  in  fibrin¬ 
ogen  and  its  fractions.  Surgery, 
Gynecology  and  Obstetrics  131: 
1073-1076,  1970 

7.  Hamilton,  R.  W.  Jr. ,  D.  J.  Kenyon, 
M.  Freitag,  and  H.  R.  Schreiner. 
NOAA  OPS  I  and  n.  Formulation  of 
excursion  procedures  for  shallow 
undersea  habitats.  UCRI-731, 

Union  Carbide,  Tarry  town,  New 
York,  m  138.  1973. 


8.  Innes,  D.  and  S.  Sevitt.  Coagula¬ 
tion  and  fibrinolysis  in  injured 
patients.  J.  Clin.  Pathol  17:  1-13, 
1964. 

9.  Jacey,  M.  J. ,  R.  O.  Madden,  and 
D.  V.  Tappan.  Hemostatic  altera¬ 
tions  following  severe  dysbaric 
stress.  NAVSUBMEDRSCHLAB 


10.  Jacey,  M.  J.  and  K.  E.  Schaefer. 

Biochemistry  of  submarine  and 
diving  stress.  I.  Lactate-pyruvate 
and  redox  state  responses  of  blood 
and  tissue  in  chronic  hypercapnia. 
NAVSUBMEDRSCHLAB  Report 
#652,  1971.  • 

11.  Jacey,  M.  J. ,  D.  V.  Tappan,  and 
K.  R.  Ritzier.  Hematologic  re¬ 
sponses  to  severe  decompression 
stress.  Aerosp.  Med.  45:  417-421, 
1974. 

12.  Jaskunas,  S.  R. ,  E.  J.  Stork,  and 
B.  Richardson.  Effects  of  a  hyper- 
oxic  environment  on  erythropoietin 
production.  Aerosp.  Med.  44: 
1112-1116,  1973. 

13.  Jastrzebski,  J. ,  M.  Slomkowski, 

R.  Michalowska,  and  E. 
Kostrzewska.  Zachowanie  sie 
adhezji  krwinek  plytkowych  pod 
wplywem  wzrostu  cisnienia 
czastkowego  tlenu  (PaC>2)  krwi 
tetniczej.  Acta  Haematol.  Pol.  2: 
335-337,  1971. 

14.  Jepson,  J.  and  L.  Lowenstein. 
Eiythropoiesis  during  pregnancy 
and  lactation  in  the  mouse,  n. 

Role  of  erythropoietin.  Proc.  Soc. 


Exp.  Biol.  Med.  121:  1077-1081, 
1966. 

.  Linman,  J.  W.  and  R.  V.  Pierre. 
Studies  on  the  erythropoietic  effects 
of  hyperbaric  hyperoxia.  Ann.  NY. 
Acad.  Sci.  149:  25-33.  1968. 

.  Murray,  R.D.,  S.D.  Stewart, 

E.  Heyder,  andG.M.  Adams. 
Animal  saturation  diving  at  50  and 
60  feet!  Description  of  Operation 
and  Environment.  NAVSUBMED¬ 
RSCHLAB  Report  #772,  1974. 

.  Pauli,  D.  C.  and  H.  A.  Cole. 
Tektite  I  -  A  multiagency  60-day 
saturation  dive  conducted  by  the 
United  States  Navy,  the  National 
Aeronautics  and  Space  Administra¬ 
tion,  the  Department  of  the  Inter¬ 
ior,  and  the  General  Electric  Com¬ 
pany,  Office  of  Naval  Research 
Report  DR  153S,  1970. 

.  Practical  Manual  for  Clinical  Lab¬ 
oratory  Procedures.  The  Chemical 
Rubber  Co. ,  H.  C.  Damm,  editor. 
Cleveland,  1965. 

.  Rembaum.  A.,  S.P.S.  Yen,  M. 
Ingram,  J.  F.  Newton,  C.  L.  Hu, 
W.  G.  Frasher,  and  B.  H.  Bar¬ 
bour.  Platelet  adhesion  to  heparin- 
bonded  and  heparin-free  samples. 
Biomet.  Med.  Div.  Art.  Org.  1: 
99-119,  1973. 


.  Rice,  E.  W.  and  D.  E.R.  Muesse. 
Clinical  nephelometry:  New  ac¬ 
curate,  heat-precipitation  nephel¬ 
ometric  method  for  rapid  deter¬ 
mination  of  plasma  fibrinogen. 
Clin.  Chem.  18:  73-75,  1972. 


7 


21.  Timms,  R.  and  C.  E.  Mengei.  Ef¬ 
fects  of  in  vivo  hypemoxia  on 
erythrocytes:  VII.  Inhibition  of 
RBC  phosphofructokinase.  Aerosp. 
Med.  39:  71-73,  1968. 

22.  Williamson,  D.  H. ,  P.  Lund,  and 
H.  A.  Krebs.  The  redox  State  of 
free  nicotinamine-adenine  dinucleo¬ 
tide  in  cytoplasm  and  mitochrondia 
of  rat  liver.  Biochem.  J.  103: 
514-527,  1967. 

23.  Wintrobe,  M.  M.  Clinical  Hema¬ 
tology  ,  Philadelphia:  Lea  and 
Febiger,  1961. 

24.  Wood,  D.  andW.  Tucker..  Thyroid 
status  of  rats  during  simulated 
shallow  water  saturation  dives. 
NAVSUBMEDRSCHLAB  Report 
#784,  1974  (In  Preparation). 


8 


I.  ORIGINATING  activity  (Corporate  author)  Z*.  REPORT  SECURITY  CLASSIFICATION 

NAVAL  SUBMARINE  MEDICAL  RESEARCH  LABORATORY  Unclassified _ 

Naval  Submarine  Medical  Center  ib'  SROUP 


UNCLASSIFIED 


Security  Classification  _ _ 


DOCUMENT  CONTROL  DATA  -  R  &  D 

(Srcurrfy  classilication  ol  title,  body  ol  abstract  and  indexing  annotation  must  bo  entered  when  the  overall  report  Is  classified) 


3  REPORT  TITLE 

METABOLIC  AND  HEMATOLOGIC  FACTORS  IN  CHRONIC  AIR  SATURATION  AT  2.5  ATA 


4.  DESCRIPTIVE  NOTES  (Type  of  report  and  Inclueive  dates ) 

Interim  report  , _ 

5 •  AuthoR(S)  (First  name,  middle  initial,  last  neme) 

Michael  J.  JACEY  and  Donald  V.  TAPPAN 


REPOR  T  DATE 


20  March  1974 


8 a.  CONTRACT  OR  GRANT  NO. 


b.  PROJEC  T  NO- 

M4306 . 02  -  5003BA9K 


10.  DISTRIBUTION  STATEMENT 


7a.  TOTAL  NO-  OF  PAGES  \7b.  NO,  OF  REFS 


9a.  ORIGINATOR’S  REPORT  NUMBERS) 


NSMRL  Report  Number  781 


9b.  OTHER  REPORT  NO(S>  (Any  other  numbers  that  may  be  assigned 
this  report) 


Approved  for  public  release;  distribution  unlimited. 


12.  SPONSORING  MILITARY  ACTIVITY 


Naval  Submarine  Medical  Research  Lab. 
Box  900  Naval  Submarine  Base 
Groton,  Connecticut  06340 


13.  A  BSTRAC  T 


Mature  male  rats  of  the  Sprague -Dawley  strain  were  pressurized  in  air  at  a  pressure 
equivalent  to  50  feet  of  sea  water,  2.5  ATA,  for  varying  times  up  to  60  days.  The  internal 
environment  was  maintained  at:  =  51%,  CO^  =  42%  (sea  level  equivalent),  balance  N^. 

No  consistent  alterations  in  lactic  and  pyruvic  acid  or  ATP  levels  as  well  as  lactate- pyruvate 
ratio  were  noted  at  any  time  during  the  two- month  experiment.  Platelet  and  platelet 
aggregate  counts  were  also  unaltered.  Red  cell  mass  exhibited  a  steady  decline  for  the  first 
4-6  weeks  attaining  and  maintaining  a  new  hematological  steady- state  for  the  remainder  of  the 
saturation  period.  Diminution  of  red  cell  mass  is  consistent  with  chronic  exposure  to  hy¬ 
per  oxia.  Several  hyperfibrinogenemic  episodes  provided  evidence  for  repeated  stress. 
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